Gaegurin 4 (GGN4) is a 37-residue antimicrobial peptide isolated from the skin of a Korean frog, Rana rugosa. This peptide shows a broad range of activity against prokaryotic cells but shows very little hemolytic activity against human red blood cells. The solution structure of GGN4 was studied by using circular dichroism (CD) and NMR spectroscopy. CD investigations revealed that GGN4 adopts mainly an a-helical conformation in trifluoroethanol/water solution, in dodecylphosphocholine and in SDS micelles, but adopts random structure in aqueous solution. By using both homonuclear and heteronuclear NMR experiments, complete 1 H and 15 N resonance assignments were obtained for GGN4 in 50% trifluoroethanol/water solution. The calculated structures of GGN4 consist of two amphipathic a-helices extending from residues 2±10 and from residues 16±32. These two helices are connected by a flexible loop spanning between the residues 11 and 15. By using enzyme digestion and matrix-assisted laser desorption/ionization mass spectroscopy, we confirmed that GGN4 contains a disulfide bridge formed between the residues Cys31 and Cys37 in its C-terminus. The effect of disulfide bridge on the structure and the activity of GGN4 was investigated. The reduced form of GGN4 revealed a similar activity and conformation to native GGN4, suggesting that the disulfide bridge does not strongly affect the conformation and the antimicrobial activity of GGN4.
Living organisms have innate immunity mediated by antibiotic peptides [1] . In many cases, they are released from secretory glands into internal body fluids or onto mucosal epithelia. Many different families of antimicrobial peptides, which were classified based on the amino-acid sequence and secondary structure, have been isolated from insects, plants, animals, and microorganisms [2, 3] . A number of peptides from the skin of the various amphibians also have been found to have a broad-spectrum of antimicrobial activities [4±10] .
Recently, six antimicrobial peptides, named gaegurins (GGNs), were isolated from the skin of a Korean frog, Rana rugosa [11] . Each peptide manifests a broad spectrum of antimicrobial activity against Gram-positive and Gram-negative bacteria, fungi and protozoa with slightly different specific activities, but all peptides show very little or no hemolytic activity. These peptides are classified into two families based on their sequence. Family I includes GGN1 to GGN4, which are composed of 33±37 amino acids. Family II includes GGN5 and GGN6, which are composed of 24 amino acids. All peptides contain two invariant cysteine residues, one at their C-terminus and the other at the seventh position from the C-terminus. The heptapeptide motif containing these two cysteine residues linked by an intramolecular disulfide bridge was designated as the`Rana box' [11] , which was conserved in the antimicrobial peptides derived from other Rana species [5±7] . Two complete cDNAs encoding GGN4 and GGN5 were isolated from a library constructed with frog skin mRNAs [12] . Among six GGN peptides, GGN4 is most abundant in frog skin and is thus believed to play an important role in the innate defense system of the frog [11] .
The structures of the many amphibian antimicrobial peptides have been determined. Among these peptides, magainin is the representative antimicrobial peptide, which has been extensively studied by solution and solid-state NMR spectroscopy [13±19] . Magainin is a single amphipathic helix and is known to interact directly with bacterial cell membrane and to destroy the ionic gradient across the cell membrane by forming ion channels [19] . Among the peptides isolated from Rana species, the structures of brevinin 1E and ranalexin have been also determined and the mechanism of activity of these peptides is known to be similar to that of magainin [20, 21] . Recently, it has been proposed that the ionophoric activity of GGN4 might be responsible for its antimicrobial activity by forming voltagedependent and cation-selective pores in lipid bilayers [22] . However, the structure of GGN4 to elucidate the detailed mechanism of activity has not yet been resolved. Because the sequence length of GGN4 is somewhat longer than that of other amphibian antimicrobial peptides and GGN4 has a hydrophobic character as well as an amphipathic character, it is thought that GGN4 may adopt other characteristic structural features and act on target cell membranes in a different manner.
In the present study, we determined the solution structure of GGN4, a 37-residue peptide and compared it with those of other antimicrobial peptides to investigate the structure±activity relationship of GGN4. As a peptide analog, in which Rana box is deleted, shows a decrease in antimicrobial activity [23] , we also evaluated the role of the intramolecular disulfide bridge by measuring the antimicrobial activity and determining the solution structure of the reduced form of GGN4. 
M A T E R I A L S A N D M E T H O D S

Expression and purification of GGN4
The Escherichia coli strain DH5a containing the plasmid encoding glutathione-fused GGN4 was grown in tryptone broth with glucose (TBG) medium for nonlabeled GGN4 [24] . Uniformly 15 N-labeled GGN4 was obtained by growing the bacteria in M9 minimal medium with 15 N-Lys-labeled GGN4 samples were also prepared. The purification of GGN4 was performed as described previously [24] . The purity and the primary structure of GGN4 were confirmed by tricine gel electrophoresis, together with amino-acid analysis.
Enzyme digestion of GGN4
Three samples, native, oxidized, and reduced GGN4, were prepared. The oxidized sample was obtained according to the method described by Tam et al. [25] . The reduced sample was obtained by addition of 1 mm dithiothreitol as a strong reducing agent. Each sample of approximately 2 mg was dissolved in water, pH 6.5, and incubated with 10 ng carboxypeptidase Y at 25 8C for 30 min. The reaction was terminated by addition of phenylmethanesulfonyl fluoride to final concentration of 0.8 mm. Finally, the reaction mixture was lyophilized and analyzed by MALDI-MS.
Antimicrobial activity
The standard assay of an antimicrobial activity was measured as described previously [11] . Bacterial cells were grown overnight in Luria±Bertani media and inoculated into 5 mL of molten 0.6% Luria±Bertani agar with final 10 7 c.f.u.´mL 21 , which was overlaid on a 150-mm Petri dish containing solidified 2% Luria±Bertani agar. After the top agar hardened, 3±10 mL of peptide samples were dropped into the 3-mm wells on the surface of the top agar and completely dried before incubating overnight at 37 8C. Antimicrobial activity was determined by observing the zone of suppression of bacterial growth around the 3-mm wells. To estimate the effect of N HSQC experiment, a series of experiments was recorded at 40, 70, 100, 130, 200, 300, and 500 min. The 3 J HNHa coupling constants were measured from the 2D HMQC-J experiment [27] . 2D TOCSY, NOESY, and DQF-COSY spectra were acquired for a nonlabeled sample. The 2D TOCSY spectra were acquired using an MLEV-17 spin lock sequence with isotropic mixing times of 40 and 60 ms, respectively. The NOESY spectra were acquired with mixing times of 150, 200, and 300 ms, respectively. For the DQF-COSY experiments, solvent suppression was achieved using selective low-power irradiation of the water resonance. Solvent suppression for the NOESY and TOCSY experiments was achieved by using the WATERGATE sequence. The spectra were processed on a Silicon Graphics Indigo-2 workstation, using the nmrpipe program [28] . Chemical shifts were referenced to methyl signals of sodium 4,4-dimethyl-4-silapentane-1-sulfonate.
Structure calculation
Distance restraints were obtained from the homonuclear and heteronuclear NOESY spectra with 200-ms mixing times. Comparisons were made to the 150-and 300-ms NOESY spectra to assess possible contributions from spin diffusion. All NOE data were classified into three classes, strong, medium, and weak, corresponding to upper bound interproton distance restraints of 3.0, 4.0, and 5.0 A Ê , respectively. Lower distance bounds were taken as the sum of the van der Waals radii of 1.8 A Ê . As no stereospecific assignment could be made for the methyl and methylene protons, appropriate pseudoatom corrections were applied [29] . To generate the structures of native GGN4 and reduced GGN4, a total of 355 and 332 NOE constraints, 22 and 20 backbone dihedral angle restraints inferred from the 3 J HNHa coupling constants were used, respectively. In addition, 28 and 22 hydrogen bond restraints were [30] . The 3D structures were calculated by using the simulated annealing and energy minimization protocol in the program xplor 3.851 [31] .
R E S U L T S Intramolecular disulfide bridge
By using enzyme digestion and MALDI-MS, we confirmed that GGN4 contains an intramolecular disulfide bridge between residues Cys31 and Cys37 in its C-terminus. It was shown that carboxypeptidase Y did not hydrolyze the peptide bonds of native GGN4, which is due to the presence of the intramolcular disulfide bridge of the C-terminus, but hydrolyzed the peptide bonds of reduced GGN4 sequentially from the C-terminus.
Antimicrobial activity
The antimicrobial spectra of native GGN4 and reduced GGN4 were determined by measuring the minimal inhibitory concentration. It was reported that the antimicrobial activity of brevinin 1E was not changed in the presence of 1.25 mm the stong reducing agent dithiothreitol [20] . The antimicrobial activity of GGN4 was not changed by the addition of 1 mm dithiothreitol, showing that dithiothreitol itself did not affect the antimicrobial activity. Table 1 shows the minimal inhibitory concentrations of each peptide against various bacteria. M. luteus, Gram-positive cocci showed especially high sensitivity to both peptides. Gram-negative bacteria showed different sensitivity to peptides in accordance with each bacterial species. Notably, the activity of reduced GGN4 was almost equal to that of native GGN4, suggesting that the disulfide bridge does not have important effect on the antimicrobial activity of GGN4.
NMR resonance assignments N-labeled GGN4 (Fig. 1A ) and reduced GGN4 (Fig. 1B) , respectively. In these two spectra, the majority of the peaks is identical, except the peaks of the N-and C-terminal residues, which are indicated in Fig. 1B . The chemical shift perturbation of the C-terminal region (residues 30±37) probably occurred due to the reduction of the disulfide bridge between Cys31 and Cys37. However, the chemical shift perturbation of the N-terminal residues from 2 to 5 could not be explained precisely. We assume that the perturbation might occur due to an increase in flexibility of the N-terminal region.
The assignment of backbone atoms was performed by the standard method proposed by Wu Èthrich [32] in combination with the heteronuclear experiments. The nondegenerated a protons of the glycine residues of GGN4 were easily identified in the DQF-COSY spectra. Four alanines were also identified without ambiguity by the combination of TOCSY and DQF-COSY. These spin systems were assigned to each amino-acid type and were connected using the NOESY spectra. Many of the sequential connections were completed mainly on the basis of the strong d NN connections, starting from the unique aminoacid types, such as glycines and alanines. These connections were compared with the, d aN (i, i 1 3), d aN (i, i 1 4) , and d ab (i, i 1 3) connections to ensure their initial assignments. The assignment ambiguities due to peak overlaps were resolved using the 3D and reduced GGN4 in 50% trifluoroethanol/water solution are presented in Table 2 .
Secondary structure
The conformational behaviors of GGN4 and reduced GGN4 in aqueous buffer, the trifluoroethanol/water solutions, SDS micelles, and in dodecylphosphocholine (DPCho) micelles were investigated using CD spectroscopy (Fig. 3) . From the CD spectra of GGN4 recorded in aqueous buffer, we found that GGN4 has no regular secondary structure. However, in the presence of membrane mimetics such as trifluoroethanol/water solution, SDS micelles and DPCho micelles, the CD spectra of GGN4 showed two minima at 208 and 222 nm and a cross-over point at about 200 nm, which are characteristic of the presence of a highly a-helical conformation (Fig. 3A) . The helix content increased upon increasing trifluoroethanol and detergent concentration, and the maximal helix content was reached at 50% trifluoroethanol, 10 mm SDS, and 5 mm DPCho micelles, respectively. The helical content under these conditions was estimated to be about < 70%. The CD spectra of reduced GGN4 in trifluoroethanol, SDS micelles, and DPCho micelles indicate that the overall secondary structure of GGN4 is not affected by the addition of dithiothreitol (Fig. 3B) . The estimated helical content of reduced GGN4 decreased slightly by about five percent compared to that of GGN4.
The short and medium interresidue NOE cross-peaks identified in this study and their relative intensities are presented in Fig. 4 . The NOE connecitivities of native GGN4 and reduced GGN4 are almost same except the several C-terminal NOE connecitivities. It reveals the nearly complete sets of d 1 4), and d aN (i, i 1 3) NOE connectivities for residues 2±10 and 16±32 (16±30 for reduced GGN4), indicating the presence of regular a-helical conformation. 3 J HNHa coupling constants of residues 2±10 and 16±32 are almost all less than 5.5 Hz except the residues, Thr5, Gly20, Gly24, and Cys31. Further support for helical regions between residues 2±10 and 16±32 was provided by the amide exchange data. Slowly exchanging amides were observed in central residues of the helical segments spanning residues 6±10 and 21±32. The chemical shifts of the a protons of residues 2±11 and 15±32 showed an overall upfield shift tendency of 0.1±0.4 p.p.m. compared to the random coil chemical shifts, which also supports a helical conformation of GGN4 [33, 34] . In native GGN4, the intramolecular disulfide bond between Cys31 and Cys37 could be inferred from the presence of the NOE cross-peaks of Cys31H b ±Cys37H b , Cys31NH±Cys37H b , and Cys31H b± Cys37HN. The NOE cross-peaks of Cys31H a ± Cys37H b and Cys31H b ±Cys37H a , which may exist were not identified due to the overlapping of Cys31H a with Cys37H a resonance. The intramolecular disulfide bond was also identified using enzyme digestion and MALDI-MS. The residues from 33 to 36 in the C-terminal region, which do not form helical structure, showed characteristically slow NH exchange rates (Fig. 4) . In native GGN4, it seems that these amides are located in the hydrophobic environment created by the Cys31±Cys37 disulfide bridge. In reduced GGN4, a looplike conformation in the C-terminal region, which creates the hydrophobic environment, seems to be maintained despite the absence of the disulfide bridge.
3D structure
A set of 50 structures of GGN4 was calculated by using 355 distance restraints, 22 dihedral angle restraints, and 28 hydrogen bond restraints. Simulated annealing calculations were run to produce structures with a common fold that were in good agreement with the experimental restraints and had low total energies. Out of 50 structures, 48 structures with no distance violation larger than 0.5 A Ê and no dihedral violation larger than 58 were selected. Then, the 20 structures with the lowest energies were chosen to represent the solution structure of GGN4. As shown, the structure is depicted by two locally well-defined helices, which are composed of residues 2±10 and 16±32 (Fig. 5A,E) . The convergence of the C-terminal conformation reveals the formation of an intraresidue disulfide bridge between Cys31 and Cys37 (Fig. 5E ). In the case of reduced GGN4, the overall structural feature is similar to native GGN4 except that the C-terminal helix is slightly shortened to residues 16±30 (Fig. 5B,F) . In addition, superposition of the 20 conformers (Fig. 5C,D) shows that the loop region (residues 11±15) has a structure that resembles an a-helix. This is indicated by the upfield chemical shift profiles of the involved residues and by the 3 J HNHa coupling constant of some residues (Lys11, Lys15) smaller than 5.5 Hz.
The relative orientation of two helices was not determined, as the loop region (residues 11±15) which connects these helices, is ill-determined. From the atomic rmsd value per residue, we found that the loop region is less defined than the helix regions. The distribution of phi and psi angles also shows that the loop region is ill-determined (Fig. 6) . The disorder of the loop region, which is related to the paucity of the experimental information, is strengthened by the presence of the two Gly residues (Gly12, Gly14) and fast amide exchange rates in this region (Fig. 4) .
Structural statistics for the mean and 20 converged structures were evaluated in terms of structural parameters, as shown in Table 3 . In native GGN4, the 20 final converged structures exhibited an rmsd about the mean coordinate positions for residues 2±37 of 3.33 A Ê for the backbone atoms (N, Ca, C H ) and 4.35 A Ê for all heavy atoms. The high value of rmsd of whole structures is due to the disordered loop region connecting the two helices (Fig. 5B) ; therefore calculating rmsd on superpositioning of all residues is therefore meaningless. On the other hand, the N-terminal helix from residues 2±10 and the C-terminal helix from residues 16±32 have well defined structures, with average rmsd values of 0.23 A Ê and 0.66 A Ê for the backbone atoms, respectively.
D I S C U S S I O N
Many membrane peptides and proteins are insoluble in water, which makes it difficult to study the solution structure by using NMR spectroscopy. GGN4 is highly soluble, despite of forming the unordered structure, in water. It has been reported that several membrane peptides such as magainin and ranalexin are soluble in water and their structures in trifluoroethanol/water solution are similar to those in SDS micelles and/or those in DPCho micelles [17, 21] . In many cases trifluoroethanol has been used as helix-promoting solvent, as it induces helical structure only in peptides with a tendency toward helix formation [35±37] . It is evident that the secondary structure of GGN4 in a 50% trifluoroethanol/water solution is similar to that in SDS micelles and in DPCho micelles (Fig. 3) . Therefore, we calculated the 3D structure of GGN4 in 50% trifluoroethanol solution.
The calculated 3D structures of GGN4 depicted in Fig. 5 show the two a-helical structures and loop structures connecting two helices in detail. The N-terminal helix of two turns shows a typical amphipathic character, which is clearly depicted in the hydropathy plot (Fig. 7) and the helical wheel diagram (Fig. 8) . The helical wheel diagram clearly shows that hydrophobic residues (I2, L3, L6, F9, and A10) are positioned on one side of helix, while the hydrophilic residues (D4, T5, K7, and Q8) are located on the other side. This typical amphipathic helix is thought to be important for antimicrobial activity [2] . In contrast, the C-terminal helix of 4±5 turns, shows relatively hydrophobic character in the central helical region in the hydropathy plot as shown in Fig. 7 . Contrary to the hydropathy plot, the C-terminal helix of GGN4 actually also has amphipathic character, that is, the hydrophobic residues (L17, V18, A21, A22, V25, L26, and V29) oriented in the opposite direction to the hydrophilic residues (D16, K19, G20, Q23, G24, S27, and S30), shown in Fig. 8 . There is no contact between a-helices, allowing an independent movement of both a-helical regions.
The helix-turn-helix motif of GGN4 is similar to those found in many integral membrane proteins, for example, the major coat proteins of filamentous bacteriophage [38±44], and to the antimicrobial peptides, for example, cecropins [45±47]. The secondary structures of these groups of peptides consist of two helical regions in membrane-like solvents. In the major coat proteins, the two helices are well defined and are stable, with the N-terminal amphipathic helix of about 10±15 residues, the relatively long C-terminal hydrophobic helix of about 20 residues, and a flexible turn region connecting the two helices. The structure of the major coat proteins in lipid membrane shows that the N-terminal helix binds parallel to the membrane surface, while the C-terminal helix is perpendicular to the cell membrane [38±44] .
As GGN4 resembles the major coat proteins in the relative two helical lengths and in the hydrophathy plot, the membrane binding aspect of GGN4 may be similar to that of major coat proteins. We therefore surveyed the possibility that C-terminal helix of GGN4 could span the lipid membrane by using several servers of detecting the transmembrane region (http://www. expasy.ch/tools/#transmem). However the probable value of the C-terminal helix is very low compared to that of other transmembrane segments. Accordingly, it is unlikley that the C-terminal helix of GGN4 could span the membrane directly as the major coat proteins do. The topology of secondary structure of GGN4 is more similar to that of cecropin A, a 37-residue antimicrobial peptide isolated from insects [45] . It has two overall amphipathic helices extending from residues 5±21 and from residues 24±37. The C-terminal helix of cecropin A is more hydrophobic than the N-terminal helix [46] . It has been proposed that cecropins bind parallel to lipid membrane surfaces [47±49] and its antimicrobial activity is due to the formation of large ion pores in bacterial cell membranes [50] . The ionophoric property of GGN4 is likely to contribute to its antimicrobial activity by forming voltage-dependent and cation-selective pores in planar lipid bilayers [22] . Fig. 7 . Hydropathy plot calculated according to Kyte and Doolittle [52] . The helical representation (top) obtained from the NMR data, indicates the location of the two helices in the GGN4 structure. The similarities in antimicrobial activity measured for GGN4 and reduced GGN4 suggest that the disulfide bridge does not play an important role in the activity. The previous reports also have suggested that the disulfide bridge in Rana species, for example, ranalexin and the analog of GGN6 does not play an important role in the activity. In ranalexin, the oxidized form was only twice as active as the reduced form [21] . An analog of GGN6 lacking the disulfide bridge, in which the two cysteines were replaced by serines, was also found to be as active as the wild-type [51] . However the C-terminal truncated peptides of GGN4, 1±28 and 1±23, showed a sevenfold and a 60-fold decrease in activity, respectively [23] . As the structure of reduced GGN4 is almost identical with that of native GGN4 except for the slight shortening of the C-terminal helix, the antimcrobial activity of reduced GGN4 might not be affected strongly by the reduction of disulfide bridge. Therefore, the appropriate length of the C-terminal helix for the antimicrobial activity of GGN4 seems to be maintained, regardless of the reduction of the disulfide bridge.
In summary, the first solution structure of GGN4 in 50% trifluoroethanol/water solution was determined and compared with that of reduced GGN4 and those of other antimicrobial peptides to provide insights into the antimicrobial mechanism of GGN4. We suggest that the mechanism of antimicrobial activity of GGN4 is similar to that of cecropins despite of difference in the amino-acid sequence and species. 
A C K N O W L E D G E M E N T S
